This article presents a brief review of some historical and philosophical aspects of Einstein's 1917 paper 'Cosmological Considerations in the General Theory of Relativity', a landmark work that denoted the starting point of modern theoretical cosmology. Our presentation includes a discussion of Einstein's early views of issues such as the relativity of inertia, the curvature of space and the cosmological constant. Particular attention is paid to lesser-known aspects of Einstein's paper such as his failure to test his model against observation, his failure to consider the stability of the model and a slight mathematical confusion concerning the introduction of the cosmological constant term. Taken in conjunction with his later cosmological works, we find that Einstein's approach to cosmology was characterized by a pragmatic search for the simplest model of the universe that was consistent with the principles of relativity and with contemporaneous astronomical observation.
Introduction

There is little doubt that Einstein's 1917 paper 'Cosmological Considerations in the General
Theory of Relativity' (Einstein 1917a ) constituted a key milestone in 20 th century physics. The paper introduced the first relativistic model of the universe, sometimes known as 'Einstein's Static Universe' or the 'Einstein World' and marked the starting point of modern theoretical cosmology.
To be sure, a description of the basic physics of the Einstein World can be found in any standard textbook on modern cosmology (Harrison 2000 pp 355-357; Coles and Lucchin 2002 pp 26-28) . However, while many accounts have been written of the development of theoretical cosmology from this point onwards, there have been surprisingly few detailed historical in the sense of the problem of boundary conditions at infinity -were a major preoccupation in the immediate aftermath of the discovery of the covariant field equations (Schulmann et al. 1998 pp 352-355) .
(
ii) Cosmology before 1917
Few quantitative models of the universe were proposed before 1917. One reason was the existence of several puzzles associated with the application of Newton's universal law of gravity to the universe as a whole. For example, it was not clear how a finite Newtonian universe would escape gravitational collapse, as first pointed out by the theologian Richard
Bentley, a contemporary of Isaac Newton. Newton's response was to postulate a universe infinite in spatial extent in which the gravitational pull of the stars was cancelled by opposite attractions. However, he was unable to provide a satisfactory answer to Bentley's observation that such an equilibrium would be unstable.
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Pioneering work on non-Euclidean geometries in the late 19th century led some theoreticians to consider the possibility of a universe of non-Euclidean geometry. For example, Nikolai Lobachevsky considered the case of a universe of hyperbolic (negative) spatial curvature and noted that the lack of astronomical observations of stellar parallax set a minimum value of 4.5 light-years for the radius of curvature of such a universe (Lobachevsky 2010) . On the other hand, Carl Friedrich Zöllner noted that a cosmos of spherical curvature might offer a solution to Olbers' paradox 5 and even suggested that the laws of nature might be derived from the dynamical properties of curved space (Zöllner 1872) . In the United States, astronomers such as Simon Newcomb and Charles Sanders Peirce took an interest in the concept of a universe of non-Euclidean geometry (Newcomb 1906; Peirce 1891 pp 174-175) , while in Ireland, the astronomer Robert Stawall Ball initiated a program of observations of stellar parallax with the aim of determining the curvature of space (Ball 1881 pp 92-93; Kragh 2012a ).
An intriguing theoretical study of universes of non-Euclidean geometry was provided in this period by the German astronomer and theoretician Karl Schwarzschild, who calculated that astronomical observations set a lower bound of 60 and 1500 light-years for the radius of a cosmos of spherical and elliptical geometry respectively (Schwarzschild 1900) . This model was developed further by the German astronomer Paul Harzer, who considered the distribution of stars and the absorption of starlight in a universe of closed geometry (Harzer 1908 pp 266-267) . However, these cosmological considerations had little impact on the physics community and ther is no evidence Einstein was aware of them. 6 The end of the 19th century also saw a reconsideration of puzzles associated with Newtonian cosmology in the context of the new concepts of gravitational field and potential.
Defining the gravitational potential as
where G is Newton's gravitational constant and ρ is the density of matter in a volume V, Newton's law of gravitation could be rewritten in terms of Poisson's equation 
where λ was a decay constant sufficiently small to make the modification significant only at extremely large distances. 7 A different solution to the problem was proposed in 1908 by the Swedish astronomer Carl Charlier, who considered a hierarchical or fractal structure for the universe; in this model the mean density of matter would tend to zero while the density would remain finite in every local location (Charlier 1908) . This proposal was later taken up by Franz
Selety, who argued that the hierarchic universe could provide a static, Newtonian cosmology alternate to Einstein's relativistic universe (Norton 1999) .
(iii) Relativistic cosmology and the problem of boundary conditions at infinity
In 1915, Einstein published a set of covariant field equations that specified the relation between the geometry of a region of space-time and the distribution of matter/energy within it according
where is a four-dimensional tensor representing the curvature of space-time (known as the Ricci curvature tensor), is the energy-momentum tensor, T is a scalar and is the Einstein Einstein 1915) . A description of Einstein's long path to his covariant field equations can be found in reviews such as (Norton 1984; Hoefer 1994; Janssen 2005; Janssen and Renn 2007 (Einstein 1918a ).
Even before the field equations had been published in their final, covariant form, Einstein had obtained an approximate solution for the case of the motion of the planets about the sun (Einstein 1915) . In this calculation, the planetary orbits were modelled as motion around a point mass of central symmetry and it was assumed that at an infinite distance from that point, the metric tensor would revert to flat 'Minkowski' space-time. Indeed, the orbits of the planets were calculated by means of a series of simple deviations from the Minkowski metric. The results corresponded almost exactly with the predictions of Newtonian mechanics 8 The other principles cited were the principle of relativity and the principle of equivalence (Einstein 1918a) . (4) with one exception; general relativity predicted an advance of 43" per century in the perihelion of the planet Mercury (Einstein 1915) . This prediction marked the first success of the general theory, as the anomalous behaviour of Mercury had been well-known to astronomers for some years but had remained unexplained in Newton's theory. The result was a source of great satisfaction to Einstein and a strong indicator that his new theory of gravity was on the right track (Earman and Janssen 1993) .
In early 1916, Karl Schwarzschild obtained the first exact solution to the general field equations, again pertaining to the case of a mass point of central symmetry (Schwarzschild 1916 (Einstein 1917c ). The 'outlandish conception' was the postulate of a universe of closed spatial geometry, as described below. In some ways, Einstein's assumption of matter "as being uniformly distributed over enormous spaces" was more radical than his assumption of stasis. Technically speaking, this assumption implied a universe that was both isotropic and homogeneous, at least on the largest scales, an assumption that was at odds with astronomical observations. Thus, the assumption was more of an assumed principle and indeed it was later named the 'Cosmological Principle' (Milne 1935 p24) . One reason for the principle was its undoubted simplicity, as the assumption of homogeneity and isotropy greatly simplified the business of solving the field equations. A deeper reason may have been that the Cosmological Principle chimed with a Copernican approach to cosmology and with the spirit of relativity (Bondi 1952 pp 11-13) . After all, to assume a universe with a non-uniform distribution of matter on the largest scales was to assume a universe in which all viewpoints were not equivalent, in contradiction with basic tenets of relativity (Milne 1933 
Einstein's 1917 paper
this possibility seems more likely to me as well" (Einstein 1917e). This preference was cited by de Sitter in his classic paper of 1917: "The elliptical space is, however, really the simpler case, and it is preferable to adopt this for the physical world" …this is also the opinion of Einstein" (de Sitter 1917a). Neither Einstein nor de Sitter make
clear in their correspondence why they prefer elliptical geometry; one explanation may be that they viewed this geometry as more general than spherical.
(iii) On the cosmological constant
In his cosmological memoir, Einstein soon found that the hypothesis of closed spatial geometry was not sufficient to achieve a successful relativistic model of the universe. Instead, a consistent solution could only be achieved with the introduction of an additional term to the field equations, according to
where λ was a universal constant that became known as the cosmological constant. Einstein then showed that the modified field equations (5) (4) where ρ is the mean density of matter and p is the pressure (defined as p = / ).
Einstein's response was that Schrödinger's formulation was entirely equivalent to that of his 1917 memoir, provided the negative-pressure term was constant (Einstein 1918c (Einstein 1919 ). Indeed, a letter to Michele Besso suggests that Einstein had arrived at a similar interpretation a year earlier using a variational principle (Einstein 1918d) . A follow-up letter to Besso suggests that at one point, Einstein considered the two views to be equivalent: "Since the world exists as a single 11 Schrödinger also suggested that the pressure term might be time variant, anticipating the modern concept of quintessence, but this suggestion was too speculative for Einstein (Einstein 1918c) . (7) specimen, it is essentially the same whether a constant is given the form of one belonging to the natural laws or the form of an 'integration constant'" (Einstein 1918e ).
Thus, there is little doubt that a satisfactory interpretation of the physics of the cosmological constant term posed a challenge for Einstein in these years. One contributing factor to this ambiguity may be a slight mathematical confusion concerning manner in which the term was introduced. As several scholars have noted (Norton 1999; Harvey and Schucking 2000 ),
Einstein's modification of the field equations in his memoir was not in fact exactly analogous to his modification of Newtonian gravity, as he claimed, i.e., the modified field equations (5) do not reduce in the Newtonian limit to the modified Poisson equation (3) 
(iv) On testing the model against observation
A curious aspect of Einstein's 1917 memoir is that, having established a pleasing relation between the geometry of the universe and the matter it contained, he made no attempt to test the model against empirical observation. After all, even a rough estimate of the mean density of matter ρ in equation (6) would give a value for the cosmic radius R and the cosmological constant λ. These values could then have been checked against observation; one could expect an estimate for R that was not smaller than astronomical estimates of the size of the distance to the furthest stars, and an estimate for λ that was not too large to be compatible with observations of the orbits of the planets. No such calculation is to be found in the 1917 memoir. Instead, Einstein merely declares at the end of the paper that the model is logically consistent: "At any rate, this view is logically consistent, and from the standpoint of the general theory of relativity lies nearest at hand; whether, from the standpoint of present astronomical knowledge, it is tenable, will not here be discussed". for the mean density of matter, 12 he obtained from equation (6) (Einstein 1917h ). Later writings also suggest that Einstein viewed the average density of matter in the universe as an unknown quantity (Einstein 1921; O'Raifeartaigh et al. 2017) .
(v) On the stability of the Einstein World
Perhaps the strangest aspect of Einstein's 1917 memoir is his failure to consider the stability of his cosmic model. After all, equation (6) drew a direct equation between a universal constant , the radius of the universe R, and the density of matter ρ. But the quantity ρ represented a mean value for the density of matter, arising from the theoretical assumption of a uniform distribution of matter on the largest scales. In the real universe, one would expect a natural variation in this parameter in time and space, raising the question of the stability of the model against such perturbations. It was later shown that the Einstein World is generally unstable against such density perturbations: instead of oscillating around a stable solution, a slight increase in the density of matter (without a corresponding change in λ) would cause the universe to contract, become more dense and contract further, while a slight decrease in density would result in a runaway expansion (Eddington 1930) .
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12 Einstein does not give a reference for his estimate of the mean density of matter in his correspondence but it is in reasonable agreement with that given by de Sitter (de Sitter 1917a) . 13 See (Gibbons 1987) for further discussion of the stability of the Einstein World.
It is curious that Einstein did not consider this aspect of his model in 1917; some years later, it was a major reason for his rejection of the model, as described in the next section.
The Einstein -de Sitter debate
In July 1917, Willem de Sitter published a paper in which he noted that the modified field equations allowed a cosmological solution for the case of a universe with no matter content (de Sitter 1917a) . In this cosmology, Einstein's matter-filled three-dimensional universe of spherical spatial geometry was replaced by an empty four-dimensional universe of closed spacetime geometry. describe a universe that was globally static with a metric structure that was fully determined by matter. 15 Einstein eventually conceded that the apparent singularity in the de Sitter universe was an artefact of co-ordinate representation (Einstein 1918g ), but he never formally retracted his criticism of the de Sitter universe in the literature, nor did he refer to the de Sitter model in his formal writings on cosmology in these years (O'Raifeartaigh et al. 2017) .
Einstein and the expanding universe
In 1922, the Russian physicist Alexander Friedman suggested that non-static solutions of the Einstein field equations should be considered in relativistic models of the cosmos (Friedman 1922 Thus it is clear that, when presented with empirical evidence for a dynamic universe, Einstein lost little time in abandoning his static cosmology. 19 He also abandoned the cosmological constant term and was never to re-instate it in his cosmological models. Indeed, he is reputed to have described the term in later years as his "biggest blunder". Whether
Einstein used these exact words has been the subject of some debate, 20 known as 'the emergent universe', might be useful in addressing major difficulties in modern cosmology such as the horizon problem, the quantum gravity era and the initial singularity.
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Whether the emergent universe will offer a plausible, consistent description of the origins and evolution of our universe is not yet known, but we note, as so often, the relevance of past models of the universe in today's research.
